Abstract The problems and challenges of rapidly increasing world population, global climate change, shortages of water suitable for irrigation and degradation of agricultural land are increasing the demand to improve grain production from rainfed arable lands. Specific challenges include estimating the size and thus the value of the yield gap, identifying the factors limiting current average production and designing profitable remedial strategies for a range of agro-ecological regions. This review of the rainfall-limited potential yields and the gap between actual or average yields of cereal and legume crops and the rainfall-limited potential indicates that there is still substantial room to increase the average yield of crops in rainfed systems in both developed and developing regions. The review has indicated that (1) the size of the gap between average and potential yields varies according to the agro-ecological zone and the available technologies from about 0.5 to over 5 t/ha, leaving considerable scope for future yield improvement; (2) there is relatively less information applicable at the farm or field scale that assesses the spatial and temporal variability of the yield gap, the reasons for the gap and the possible methods to close the gap; (3) there is also limited information on the feasibility and profitability of applying various approaches to close the gap, including tactical and strategic management practices and plant breeding; (4) the evidence of the impact of the components of conservation agriculture on crop yields in a wide range of agro-ecological regions supports the adoption of zero tillage and crop rotation but is less clear in support of residue retention; (5) objective identification and testing of factors that limit production can lead to a rational sequence of amelioration that is specific to each agro-ecological or field situation and can close the yield gap in winter-dominant rainfall environments; and (6) farmerparticipatory varietal selection, including breeding for specific adaptation can make a substantial contribution to closing the gap in a range of environments. A common observation from the reports reviewed here is that sustainable yield improvement will need to employ a range of methods that are appropriate to specific agro-ecological conditions-previous approaches based on single inputs, practices or genotypes can only be partial solutions.
Introduction
The average rate of increase in grain yields of the major rainfed crops has slowed from about the 1990s, leading in some cases to rates of average yield increase as low as 2 kg ha −1 year −1 compared with earlier rates that have exceeded 100 kg ha −1 year −1 in some cases (Ladha et al. 2003; Brisson et al. 2010; Stephens et al. 2011; Grassini et al. 2013; van Wart et al. 2013; Kirkegaard et al. 2014) . It has been suggested that this levelling or declining of yields may be due to soil degradation and nutrient depletion (Ladha et al. 2003; Zika and Erb 2009) , climatic changes (Stephens et al. 2011) , failure to adjust management practices to variable seasonal conditions (Simpson et al. 2007; Tokatlidis 2014) or farmers' perceptions of risk and diminishing returns (e.g. Anderson 2010; Hochman et al. 2012; van Rees et al. 2014; Siddique et al. 2012) . Although trends in grain yield improvement over an extended period in a production area have seldom been smooth or linear (e.g. de Wit and van Heemst 1976; Donald 1981; Freebairn et al. 2006; Kirkegaard et al. 2014) , it is appropriate to consider current levels of grain yield relative to some estimate of potential yield and to examine the physical and socio-economic feasibilities of various pathways toward further yield improvement. The grains required to feed the approximately nine billion people that are projected to be living on the planet by 2050 ('10 billion by 2100', United Nations 2015) must rely on intensification on existing crop lands as opportunities for sowing new agricultural lands are rapidly diminishing (Montgomery 2007) . However, there is often a surplus of food grains in developed countries and a deficit in developing countries. For example, over 80 % of the wheat produced in the major grainproducing states of Australia is exported to countries such as Indonesia, Iraq, Korea, Iran and Vietnam (Nguyen et al. 2015) . Given that consumers in developing countries probably cannot afford to pay the prices that farmers in developed countries can profitably accept, the problem of food security becomes one of distribution rather than production. This leads to the conclusion that research on yield improvement will deliver a greater contribution to food security if the focus is on regions where food supplies are in deficit. A particular example is that of grain legumes in South Asia, where demand is ongoing or increasing but cannot be met by local production and thus imports, mainly from developed countries, are required (Nedumaran et al. 2015) .
As the supply of suitable water and land for irrigation are also nearing their global limits (Montgomery 2007; Solomon 2010) , increased grain production will need to rely on increasing yields in rainfed cropping regions. We will consider rainfed farming in both commercial, mechanised agriculture as well as in resource-poor small-holder farming systems, where there is a particular urgency to narrow the prevailing large yield gaps.
The aim of this review is to explore some of the existing methods to assess potential grain yield, the size of the gap between average and rainfall-limited potential yield and to suggest pathways for future gains in crop yields in the presence of soil degradation, climate change and seasonal variability of rainfall. We focus mainly on cereal and grain legume crops but recognise that oilseed crops such as canola and mustard play an important role in many rainfed cropping systems ( Figs. 1 and 2 ).
2 Methods relating to the yield gap
Estimation of potential grain yield
It is widely recognised that some objective estimate of potential yield for the crop of interest in the study area of interest is useful in estimating the target amount of grain that can possibly be produced in the future. Any estimate of the rainfalllimited potential grain yield is of necessity governed by current knowledge and so could change as our understanding of genetics, physiology and agronomy improves. Since there is no objective way of assessing the accuracy of these estimates, the choice of method has been largely a matter of perceived relevance for each particular purpose (van Ittersum et al. 2013) . All methods aim to provide some sort of target yield that might be achieved as an indication of the additional grain that might be produced and the resources needed to close the gap between actual or average yield and the theoretical potential. Since we are here discussing the opportunities for yield improvement under rainfed conditions, our definition of potential yield implies yield under the limitations set by the seasonal rainfall. Some recent papers that have addressed the questions of potential yields and the gap between actual or average grain yield and potential yield are summarised in Table 1. There have been three main methods for estimating potential grain yield:
The 'yield of an adapted cultivar grown with best management in the absence of natural hazards and biotic limitations' ('yield of adapted cultivar' in Table 1 ) has been used in reviewing rates of yield progress of several crops in favourable environments (Cassman 1999; Evans and Fischer 1999; Fischer and Edmeades 2010) . The assumptions of this method are that the agronomic practices appropriate for potential yields have been met in the experiments, that they are equally valid for all genotypes (e.g. genotype × management interactions as discussed by Cooper et al. 2001 are not a factor), and that there are no unrecognised limitations to yield.
If these assumptions can be satisfactorily addressed then the method is likely to be useful for favourable environments. Plant breeders and physiologists have used this method in assessing genetic progress and likely future gains in cereal yields (e.g. Loss and Siddique 1994; Evans 1987; Richards 1991; Qin et al. 2015) . However, there have been some suggestions that there may be a need in the future to extend the current, known estimates of potential yield (Passioura 2006; van Rees et al. 2014) . It is axiomatic that agronomic practices appropriate to support new genotypes will need to be researched concurrently.
In environments that are normally water limited, a simple water balance calculation ('modified water balance' in Table 1 ) has also been used, often a modification of the parameters suggested by Slatyer (1956) , Fitzpatrick and Nix (1969) and later by French and Schultz (1984) . This method has been widely employed by Australian farm advisers to estimate for their clients the ratio of actual to potential yield (management efficiency). Seasonal rainfall, with or without an estimate of stored water as appropriate, is taken as a surrogate for water use. It is assumed that the distribution of seasonal rainfall does not affect the calculation, an assumption challenged by Asseng et al. (Asseng et al. 2001) and Oliver et al. (2009) . Water stored before sowing is not always accounted for by this method. The transpiration use efficiency and the average amount of water lost to the crop (assumed to include soil evaporation, surface run-off and drainage below the root zone where applicable), the only two parameters required for the calculation, need to be locally derived for this method to have practical relevance. However, the ease of calculation has made this method convenient in many practical situations, especially in winter-dominant rainfall regions, and it appears to be useful provided its limitations are recognised.
More sophisticated crop simulation models ('crop simulation model' in Table 1 ) have been favoured by some researchers as they take account of most growth factors likely to be linked to crop growth and yield, including radiation use efficiency and crop phenology (e.g. APSIM, Keating et al. 2003) . Although their availability to field agronomists and farmers has increased (e.g. van Rees et al. 2014) , their use at the practical crop management level is still evolving, especially since the data required for their operation are not available in all situations (e.g. Stephens et al. 2011; Hochman et al. 2012; Oliver and Robertson, 2013) . There is also a requirement for field verification of model outputs under the target conditions (van Ittersum et al. 2013) . Chauhan and Rao (2014) used the APSIM model to better characterise seasonal soil water status for mungbean in the northern grain region of Australia. From historical rainfall records, they simulated yields over time and could thus estimate risk of drought stress at different crop growth stages. Cluster analysis identified different target production environments within the region, based on local climate and soil water holding capacity. They proposed that this should help refine specific genotype and agronomic requirements for the different target production environments. However, substantial temporal shifts in rainfall pattern resulting from climate change, as now apparent in cropping areas of Australia (Stephens et al. 2011 ) limit the practicality of this assessment for risk of drought stress.
Simulation models have also been combined with data from satellite images to assess the potential for yield improvement at the regional or national scale (Lobell and OrtizMonasterio 2006; Neumann et al. 2010 ; Hochman et al. Oliver and Robertson 2013; van Wart et al. 2013) . These assessments may well be useful for planning strategies for yield improvement on the broad scale but potentially less relevant at the farm level unless followed up by local diagnosis of limiting factors (Dore et al. 1997 (Dore et al. , 2008 Siddique et al. 2012 . The potential errors associated with such methods have been outlined by Neumann et al. (2010) .
In any average yield for a farm, a district, a region or a country there will be a spread of yields that possibly approximates a normal distribution. This assumption can seldom be tested except possibly at the whole farm level since statistical data are seldom presented in a sufficiently disaggregated form. However, an implication for much of the work summarised in Table 1 is that average or better yields should and could be improved. The implication of the simple water balance method for estimation of potential yield is that yields produced at seasonal rainfalls below about 250 mm are at or close to the estimated potential (data summarised by Anderson 2010). However, low yields produced at higher seasonal rainfall that is at very low transpiration efficiency, can also influence the average yield and may represent an opportunity for substantial improvements . In contrast to the findings from field experiments quoted above (e.g. Fischer and Modified water balance. Rainfall-limited potential reached at <350 mm using fertilisers but not at rainfall >500 mm. Gap in farm yields 3.5-5.5 t/ha, average yields~36 % of potential.
Fischer and Edmeades (2010) Review of rates of yield progress in wheat, rice and maize in favourable environments.
Yield of adapted cultivar. For wheat in the UK, the yield gap was 3.1 t/ha, and average yield was 73 % of potential.
Anderson (2010) Contribution of management to closing the gap between average and potential yield of wheat in a rainfed environment.
Modified water balance.
Estimates of the gap vary according to rainfall zone~0.4-2.7 t/ha, average yields about 65 % of potential.
Stephens et al. (2011) Analysis of changes in crop productivity and water use efficiency in Australian grain crops and specific barriers to yield improvement.
Crop simulation model and water balance equation.
Average gap ranged from 0.5-1.3 t/ha or 35-65 % of potential. Yield plateau for wheat was approximately 1.8 t/ha.
Oliver and Robertson (2013) Quantifying spatial pattern of the yield gap in a low rainfall environment. Analysis of a farm at Bodallin, WA.
Estimated gap was 0.6-1.5 t/ha depending on season, average yields 50-60 % of potential.
Hochman et al. (2012)
Quantifying the variation in yield gap in wheat in Australia. Example given for Wimmera district in Victoria.
Crop simulation model, remote sensing and Global Positioning Systems mapping.
Estimated average gap of 2 t/ha, average yields ranged from 26 to 78 % of potential.
van Ittersum et al. (2013) Comparison of methods of yield gap analysis, from local to global.
From local measurement to crop simulation.
Examples of average yield as % of potential: 31 % for rainfed maize in Kenya; 89 % for irrigated maize in Nebraska; 73 % for rainfed wheat in Victoria.
van Wart et al. (2013) Estimating crop yield potential at regional to national scales (irrigated rice in China, maize in United States of America and rainfed wheat in Germany).
Crop simulation model. For rainfed wheat in Germany yields plateau-ed at 75-85 % of potential.
Lobell (2013)
Use of satellite data with crop models to assist understanding of magnitude and causes of yield gaps.
Crop simulation model plus satellite data.
Maximum yields in irrigated fields used for comparisons.
Anderson et al. (2014)
Diagnose and treat limiting factors for crop yield in a high rainfall area of Western Australia.
Modified water balance. Average yield achieved using farmer treatments was 88 % of highest experimental plots of canola and 78 % for barley.
van Rees et al. (2014) Potential of modelling to develop new practices to assist in closing the yield gap in wheat. Analysis of three leading farms.
Crop simulation model. Gap was 0.48-0.77 t/ha, farm yield of wheat on leading farms was 74-82 % of potential.
Edmeades 2010), the largest gaps when average farm or simulated data are considered appear to be in the more favourable areas or in the higher rainfall seasons. Uncertainties associated with calculating yield potential in rainfed and irrigated environments, using the abovementioned variety of methods have been discussed by van Ittersum et al. (2013) . They concluded that simulation modelling grounded in site-specific data is likely to be the most robust methodology and refer to the Global Yield Gap Atlas project (www.yieldgap.org), which promotes this approach. Generally however, estimates of potential yield remain nebulous.
There have been very few studies of the reasons why yields are less than some measure of potential, other than lack of rainfall. Temperature, radiation, position in the landscape, unidentified soil constraints, pests and diseases and crop management (including supplementary irrigation management, where applicable) can also contribute to the yield gap between actual or average yield and potential yield, however estimated (e.g. Anderson et al. 2014 ).
Management efficiency and the yield gap
Actual or average grain yield expressed as a percentage of the estimated potential grain yield (management efficiency) is subject to errors that depend on the rigour of measurement at the field level and the degree of regional aggregation (van Ittersum et al. 2013 ) as well as the error associated with the estimation of potential yield. Thus the actual size of the estimated yield gap (t/ha), and the management efficiency, are related concepts that are both subject to unknown error. This is particularly so for rainfed environments where the extent of environmental variability is high. The papers summarised in Table 1 refer largely to winter cereals and range from about 25 to more than 85 % efficiency. The higher efficiencies are mainly reported from studies on crops in higher-yielding conditions (Fischer and Edmeades 2010; van Rees et al. 2014; Fischer et al. 2014) or where the major limiting factors have been determined experimentally ). Studies that report variation related to agro-ecological regions vary from about 30 to 75% Anderson 2010; Stephens et al. 2011; Hochman et al. 2012; Oliver and Robertson 2013; van Wart et al. 2013 ). The range is similar for data derived from experiments examining various agronomic treatments (Simpson et al. 2007; Anderson et al. 2014) .
The gap between achieved and estimated potential grain yield ranges from less than 1 to over 5 t/ha (Table 1) . These findings, almost entirely from developed countries, show considerable scope for improving grain yields. The yield gaps are mostly less where average grain yields are less, although the extent to which this generalisation applies to areas that are low yielding due to low rainfall, compared with those that are low yielding due to low inputs, is not apparent.
Estimates of yield gaps in grain legumes are fraught with uncertainty as they are, in general, more sensitive than cereals to a range of biotic and abiotic stress factors, increasing the spatial and temporal variability of yield (Srivastava et al. 2010 ). This particularly applies in developing countries where resource-poor farmers may be unable to implement established measures that would alleviate these constraints. For example, in the case of chickpea (Cicer arietinum L.) in South Asia, where most of the world production occurs, national average yields are in the order of 0.5-0.9 t/ha (FAO 2015) . Uncertainties occur in the 'crop cutting' methodology used to quantify yields and reporting of national statistics, which possibly overestimate yields. Potential yields of chickpea at particular sites in that region have been reported at 2.5-3.5 t/ha (Khanna-Chopra and Sinha 1987). These are usually derived from field experiments and are also likely to be overestimated due to small plot size and sampling bias (Gomez and Gomez 1984) . It can only be concluded that there is an unsatisfactorily large gap between realised and potential yields. Established technology is available to narrow that gap but its implementation in resource-poor farming communities faces many constraints in addition to technical ones-local availability of information, timely input availability, risk management, economic, social and markets to name a few.
Despite the recognised limitations in quantifying potential and actual yields for specific situations it is agreed that their future refinement, for example through initiatives like the Global Yield Gap Atlas project, will guide prioritisation of future research into grain yield improvement. It may be that transfer of existing knowledge to low-yielding areas in developing regions, especially where the yield gap is quite large, may pay greater dividends in terms of future food security than research in areas where food supply is already adequate, regardless of the size of the yield gap. Seasonal variability, potential yields and the size of the yield gap aside, the best that researchers, farmers and their advisers can aim for in water-limited environments is to maximise water use efficiency each season in order to maximise profits.
Relative contributions-management and breeding
It is arguable that the discovery and adoption of innovative technologies has interacted with the prevailing economic conditions to produce changes in cropping practices that have improved grain yield in the past. It is generally agreed that both breeding and agronomy have contributed to yield advances although the relative contributions of each have varied according to the crop species and environment (Fischer and Wall 1976; Byerlee 1994; and summarised in Anderson et al. 2005) .
Average rates of genetic yield improvement in cereal crops grown under non-limiting conditions have been estimated at less than 1 % (e.g. Fischer and Edmeades 2010) . This could represent from 10 to about 70 kg ha −1 year −1 or even more, depending on the average yield in various parts of the world and assuming that the rate applies across regions. An earlier study (Perry and D'Antuono 1989) . The rate of genetic yield increase is likely to have been influenced by both spatial and temporal factors such as agro-ecological zone and season in all of these studies.
At the agro-ecological scale in Australia, Stephens et al. (2011) ) in the period 1990-2008. The seasonal variability of yield was greater in the second period, but the average water use efficiency was also greater. This probably suggests that the skills of farmers in responding to environmental variability, including tactical management and choice of cultivars, improved in the second decade (Fig. 1) .
3 Future yield improvement-where and how?
There are three broad areas for yield improvement in rainfed grain crops in the future.
a. Breeding, genetics and physiology. The methods for assessing advances attributable to both genetic and management factors are subject to errors and assumptions that can distort the proportions of each (Anderson 2010 ), but it seems that the genetic potential of most modern cultivars of wheat (for example) far exceed the seasonal potential set by rainfall. This implies that breeding for yield stability through disease resistance, and for profit stability through improved quality, should be the main focus for breeders rather than increasing the genetic yield potential.
Suggestions for yield improvement through breeding and associated physiological research have a long history with respect to the rainfed environment for wheat. Fischer and Wall (1976) , Evans (1987) and Passioura (2006) have discussed physiological characters such as developmental patterns in relation to sowing times and length of season, Reynolds et al. (2012) and Semenov et al. (2014) assessed physiological and biochemical traits in relation to radiation and nitrogen use efficiency in some detail, and others placed emphasis on the synergies that exist between breeding and agronomy or management (Hochman et al. 2009; Passioura and Angus 2010; Richards et al. 2014; Sadras and Lawson 2011) . Improved transpiration efficiency (Evans 1987; Passioura and Angus 2010) , competitive ability against weeds (Lemerle et al. 2001; Palta and Peltzer 2001) , nutrient use efficiency (Anderson and Hoyle 1999) and suitability for dual purpose use (grazing and grain recovery, e.g. Anderson 1985; Virgona et al. 2006 ) have also been suggested as traits likely to contribute to yield increases.
In rainfed systems, grain legumes face a heterogeneous and variable environment, where widely adapted cultivars, an objective of most conventional breeding programmes, are likely to be less than optimum in any particular environment. To adequately exploit environmental niches, a range of specifically adapted cultivars is required (Sperling et al. 1993) . Thus, to test whether cultivar replacement can alleviate identified constraints, or just increase local yield potential, participatory varietal selection methods are recommended (Joshi and Witcombe 1996) . Essentially, these are simple varietal evaluations in large plots across many farmers' fields within a specified target region. Entries can be existing cultivars or progeny from a breeding programme. Farmers' usual inputs are used rather than research station recommendations. Evaluation is primarily by farmer assessment according to their prioritisation of criteria (e.g. yield, phenology, grain quality, market value).
In addition to carrying out the varietal evaluation process under their own conditions, it is possible for farmers to be directly involved in the varietal improvement process itself for specified regions, through such methodologies as participatory plant breeding, also known as client-oriented breeding (Witcombe et al. 2005) . Farmer involvement in parental selection and progeny selection and evaluation (via Participatory Varietal Selection) ensures a better match of breeding outcomes to the target production environment and farmer requirements.
Further, farmer involvement in the entire genetic improvement process ensures farmer 'ownership', and hence more likely adoption, of resultant improved varieties. A client-oriented breeding approach is considered necessary for heterogeneous environments, such as rainfed environments, where spatial and temporal yield variability is the norm (Witcombe et al. 2005) . A centralised breeding approach is better suited to more homogeneous target environments, such as irrigated environments. Successful examples of the use of participatory varietal selection and participatory plant breeding/clientoriented breeding are collated in Ceccarelli et al. (2009) , as well as in more recent publications (e.g. vom Brocke et al. 2010; Joshi et al. 2012) (Fig. 2). b. Tactical management. Decisions regarding choice of cultivar, sowing date, plant population or seed rate, fertiliser rates and application strategies, weed and pest control methods are considered fundamental to modern crop production . Their contributions to yield improvement have changed and evolved over time in relation to changes in varieties (Anderson and Smith 1990) , improvements in cultivation techniques (Schmidt and Belford 1993; Serraj and Siddique 2012; Ward and Siddique 2014) , earlier sowing in relation to opening rains (Sharma et al. 2008 ) and changes in the agronomy of cropping systems (Anderson 1992) . Variations in seasonal conditions in rainfed areas, largely related to rainfall, continue to influence management decisions of farmers in both developed and developing regions. In fact seasonal variation is almost always the major influence on responses to tactical management practices such as plant population and N fertiliser (e.g. Anderson et al. 2011) . It is thus suggested that future agronomic research is aimed in part at improving the ability of farmers to adjust tactical management according to seasonal conditions. c. Strategic management. This largely revolves around soil improvement although decisions regarding the cropping sequence are often made in advance of sowing time in response to market conditions. Soil improvement may involve strategic practices such as amelioration of acidity (Dolling et al. 1991) , soil compaction , sub-surface water-logging (raised beds, Bakker et al. 2001) , non-wetting (Carter et al. 1998 ) and low SOC reserves that are often associated with other soil physical deficiencies (Verhulst et al. 2010 ).
It may be assumed that measures taken to alleviate soil constraints to crop growth that may take some years to be fully effective, may contribute to longer-term production stability (see section below on diagnosis of soil constraints). Whether and to what extent treatment of soil constraints removes or ameliorates seasonal variability of grain yield deserves further investigation (see also comments on conservation agriculture below).
Recent techniques related to remote sensing and global positioning systems such as yield mapping, variable rate technology, auto-steering and controlled traffic (which may be a combination of both tactical and strategic management) have shown promise for greatly reducing production costs and improving precision (e.g. Kingwell and Fuchsbichler 2011; Robertson et al. 2012) . It is yet to be clearly shown through field experiments that such techniques will contribute to future yield advances or yield stability in developed agriculture. Their contribution in less developed agriculture, where the problems of food security are greatest, is also yet to be established.
Components of the conservation agriculture system-zero or minimum tillage, residue retention and crop rotationmight also be considered, wholly or partly, as strategic management. Given the widespread adoption of conservation agriculture, and the continuing debate on the capacity of the conservation agriculture components to increase yield through improved soil fertility, it is discussed separately below.
4 Impact of conservation agriculture-water storage, organic matter and crop yield Conservation agriculture is often credited with contributing to soil improvement including increased soil organic matter (and soil organic carbon) and associated physical characters such as water infiltration and aggregate stability (Hamza and Anderson 2002; Scott et al. 2010; Verhulst et al. 2010) . The yield benefits of crop rotation, especially of cereals with legumes, have been accepted in practice by farmers in many dryland systems for a very long time, and recently reaffirmed from long-term experiments in northern Syria (Christiansen et al. 2015) and Western Australia (French et al. 2015) . However, published reports do not always support the claim that soil and yield improvements come from the retention of crop residues (Scott et al. 2010) .
In the West Asian and North African regions, there is some evidence that no-till systems with stubble retention have increased soil organic matter and wheat yields more often than not in field experiments compared with the conventional systems (Mrabet et al. 2012; Loss et al. 2015) . In a study on stony hillsides in Morocco however, only small increases in grain yields and water use efficiency were measured (Schwilch et al. 2013) . Evidence in Australian rainfed crops that soil organic matter increases in a range of soil types using direct drilling with residue retention indicates that even after 10 years or more there may be no increase unless annual rainfall exceeds about 500 mm (data summarised by Chan et al. 2003) . This is likely due to the lower levels of crop yield and residue produced under lower rainfall conditions, or to the likelihood of higher soil temperatures in low rainfall areas which can prevent accumulation of soil organic matter (Hamza and Anderson, 2010) . Verhulst et al. (2010) have concluded that conservation agriculture systems that include residue retention can have a positive effect on soil properties other than organic matter percentage. Where green material is added to the soil, other soil physical properties such as water stable aggregates and soil bulk density may also improve (Hamza and Anderson 2010; Krull et al. 2012) . The relative benefits for soil improvement of adding green and dry stubble material to the soil is a question that needs clarification.
In higher rainfall areas (>500 mm annual rainfall) and where perennial pastures are part of the dominant farming system, soil organic matter tends to accumulate more across a range of soil types than where continuous cropping is practised (Hoyle et al. 2014) . In any case organic matter largely accumulates in the top 10 cm of soil in a zero tillage system such that, even if the topsoil is saturated with respect to the soil organic carbon level, the content below that depth may still below.
The review by Pannell et al. (2014) concluded that the impact of residue retention (mulching) on crop yields in central Africa and South Asia has been largely positive over the longer term. In contrast, a review of stubble retention in cropping systems in southern Australia (Scott et al. 2010) concluded that "the effects on grain yield of stubble retention are largely negative, using current technology". In a further review Scott et al. (2013) again concluded that in the dominant cropping systems of southern Australia there is little compelling evidence that retention of crop residues has lead reliably to economic benefits.
In addition, Farooq et al. (2011) found that the impact of conservation agriculture(both zero tillage and residue retention) on crop yields was mostly positive, especially at lower rainfall, but suggested that where the yield of conservation agriculture crops did not exceed those of conventional systems, factors such as weeds and diseases may have been responsible. However, the impact of crop residue as distinct from the tillage effect is not reported in many of the experiments described in these reviews. In any case, the evidence that soil organic carbon percentage is closely related to crop yield is not always apparent in field studies across a wide range of experiments (Howard and Howard 1990; Fettell and Gill 1995) .
The apparent lack of a robust relationship, or set of relationships, between soil organic matter percentage and crop yield may be due to some other factor or factors limiting yield such as water or nutrient availability. In general there seems to be some agreement that soil organic matter and crop yields are more or less linearly related up to about 2 % organic carbon (Howard and Howard 1990; Janzen et al. 1992 ) even if there is less agreement that a critical level exists across soil types and environments (Loveland and Webb 2003) . However, the variability in these relationships appears to indicate that the slope of any increase below 2 % is quite wide. More precise data are needed for a range of cropping and farming systems that can be used to isolate the anticipated impact of soil organic matter on grain yield in the absence of other limiting factors. The potential impact of changes in soil physical and chemical properties due to plant roots and the return of animal wastes, other than changes due to soil organic matter, also need to be separately assessed.
Given the variability among various authors and reviewers as to the benefits of conservation agricultural practices including retaining crop residues, it seems likely that local climatic, edaphic and technological situations should be accounted for when attempting to extrapolate from experimental evidence to commercial farms. This variability in responses to the various components of the conservation agriculture system has likely lead to partial adoption by farmers in the various Australian environments as discussed by Kirkegaard et al. (2014) . It appears that the variable conclusions reviewed above could be related to extrapolation beyond the local conditions under which the efficacy of stubble retention has been tested.
Diagnosis of constraints
Much past research on agronomic practices has focussed on one or two factors assumed to be limiting production (examples given in Anderson et al. 2011; Siddique et al. 2012) . Often, responses due to tactical and strategic management practices are additive such that improvement in one is not dependent on application of the other (Anderson 2010 ). This gives farmers some scope to adjust management according to seasonal conditions and available resources. Identifying the factors most likely to be limiting in any particular paddock by objective means (diagnostic research as reported in Dore et al. 1997 Dore et al. , 2008 Anderson et al. 2014; Sharma and Anderson 2014) suggests a hierarchy of practices that can be tested and applied according to available resources, perceived risk and farmer convenience. An example is given in Table 2 for two farm sites where both zero tillage and partial stubble retention were standard practices in mixed farming systems based on barley, canola, oats, pasture and grazing by sheep. Table 2 shows that no single factor-limited production at either site as the responses varied from season to season. However, major yield responses could be identified as due to K and tactical N application at the first site and gypsum and tactical N at the second site. Extension of results such as these should be achieved through further testing or demonstration plots when extrapolating to similar situations in the same agroecological zone.
Increasing internet accessibility, even to remote, resourcepoor rural regions (James 2010) , increases the scope for identifying possible remedies for constraints found in farmers' fields. Agronomic and genetic options may be apparent but these would require on-farm evaluations as to their practicability for specific on-farm situations. For agronomic options, simple on-farm trials, farmer managed but with advice from research or extension personnel, can evaluate the efficacy of a particular treatment and assess the rate at which an input should be applied.
Attempts based on surveys of opinions of researchers have been made to better identify yield constraints of chickpea and other crops across global regions, with the aim of sharpening research priorities (e.g. Waddington et al. 2010; Kelley et al. 1995) . This methodology does not account for spatial and temporal variability of particular constraints or potential biases of those surveyed, or the survey takers, so it seems prudent to use such information to support field experimentation rather than to replace it.
Another method of constraint diagnosis, particularly suited to resource-poor farming systems, is a more coordinated deployment of 'participatory rural appraisal' (Chambers et al. 1989 ). This approach directly gathers the farmers' perspectives of yield-constraining factors but does not necessarily permit specific identification and quantification of causal factors. On-farm diagnostic trials are needed to pinpoint causal factors and to suggest possible alleviatory treatments. However, not all possible remedies would be feasible in resource-poor farming situations and thus close farmer involvement with researchers in on-farm experimentation is required to identify remedies that may, or may not, work in a given farmer's field. Examples of on farm experimentation used to diagnose constraints faced by resource-poor farmers growing chickpea in Bangladesh include diagnosis of molybdenum deficiency (Johansen et al. 2007 ) and diagnosis and treatment of Botrytis grey mould disease (Johansen et al. 2008) .
Where average farm yields are low relative to seasonal rainfall in developing agriculture, it may be irrelevant to focus on potential yield, but equally inappropriate to assume that management and genetic inputs as applied in developed agriculture can be used to bridge the yield gap. The diagnostic approach as described above, used in collaboration with farmers, may be more appropriate.
In rainfed areas farmed by resource-poor communities, crop yield increases resulting from genetic or agronomic improvements are not always apparent in regional yield data, which are often due to incomplete or non-existent statistical records. Further, farmers may attribute 'crop improvement' to factors additional to increases in grain yield including improved grain quality, yield stability in a stress-prone environment, value of other crop products beside grain (e.g. straw for building material, fuel or animal feed) and contribution to a total cropping system. Fitting an extra crop into a cropping sequence would increase the productivity of that cropping system even if the yield of the introduced crop is constrained by a sub-optimal growing period (e.g. fitting lentil or mungbean into rice-wheat cropping systems; Kumar Rao et al. 1998; Malik et al. 2015) . Adding an extra crop as an intercrop may improve system productivity even though the yield of both crops is necessarily reduced by competition from the main crop (Ali 1990) .
The relevance of protecting the natural resource base for agricultural production has been emphasised by Cassman et al. (2003) . The general importance of soil improvement as part of conservation agriculture systems has also been emphasised (Serraj and Siddique 2012) . The maintenance or improvement of soil fertility in modern crop production systems must form a vital part of long-term yield improvement in addition to the much-reported aspects of crop tactical management and genetic improvement. There is an increasing need to assess the impact of all methods of yield improvement on yield stability in our changing environments. A future focus on the vulnerability of grain production systems to diminishing supplies of fossil fuels and opportunities for their replacement with renewable energy is also needed if the world is to feed the projected population increase. Yield gaps in rainfed crops remain large enough to suggest considerable scope for increasing prevailing yields. The size of the yield gap varies according to the region under study, but it appears to be greater in general in higher rainfall areas and in developing agriculture where it may be difficult to deploy known remedies. Although measurement of potential and actual yield are associated with uncertain errors there is general agreement among the various methods used that average grain yields achieved by farmers are considerably less than estimates of the biological or rainfall-limited potential. The risks associated with closing the yield gap and the profitability of doing so under rainfed conditions have not been thoroughly addressed in the papers reviewed. Addressing this aspect of the potential yield and yield gap questions is likely to lead to clearer guidelines for farmers.
The greatest human benefits from increasing grain yields and closing yield gaps potentially come from addressing the problem in developing countries given that the largest deficiencies of grain supply are in those countries and not in developed countries where grain production is often in surplus. In developing agriculture, there is scope for relatively wellestablished genetic and agronomic means of yield improvement but more emphasis can be given to strategic means (soil improvement) to ensure sustainability of yields. Land degradation continues to increase and concepts of conservation agriculture can be applied when appropriate. There is evidence that conservation agriculture, especially zero tillage, has contributed to soil improvement, and in particular to cost reduction, but the contribution of the residue retention component to increased yields has been positive in some conditions, and uncertain in others. Objective, on-farm diagnosis and verification of the factors limiting crop production is a priority for closing the gap between average and rainfall-limited potential grain yield. The current methods require wider testing, especially where grain yields are low due to inadequate inputs rather than due to insufficient seasonal rainfall.
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